Background/aim: Hepatic stellate cells (HSCs) are critical determinants of liver tumor behavior such as vascular invasion, cell proliferation and migration. The apoptosis of HSCs can inhibit tumor growth and contribute to repressing hepatocellular carcinoma (HCC) progression. Our study aims to investigate the impact of nuclear glyceraldehyde-3-phosphate dehydrogenase (GAPDH) on HSCs under hypoxic conditions and the association of nuclear GAPDH with HCC patient outcomes and tumor progression. Patients and methods: Following stable cell passage, 0.3% O 2 was used to induce hypoxia. Cell proliferation and apoptosis were analyzed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays and flow cytometry, respectively. Proteins expression were detected by extracting nuclear and cytoplasmic proteins and performing Western blots. GAPDH nuclear translocation was blocked by the agent deprenyl. Immunohistochemical staining for GAPDH was investigated in 137 HCC tissue samples from our center. An analysis of the clinicopathological features, Kaplan-Meier analysis and Cox proportional hazards regression analysis were applied. Results: MTT assays and flow cytometry analyses showed that the nuclear accumulation of GAPDH led to the apoptotic death of HSCs, while blockade of this process with deprenyl significantly decreased apoptosis. Western blots revealed that deprenyl inhibited the nuclear translocation of GAPDH. An analysis of the immunohistochemical staining of HSCs in HCC tissue samples (137) revealed that nuclear GAPDH expression was significantly positively correlated with HIF-1α expression. Overall survival (OS) and time-to-recurrence (TTR) estimated by KaplanMeier analyses showed that patients with high HIF-1α or low nuclear GAPDH levels in HSCs had significantly poorer prognosis compared with patients with low HIF-1α or high nuclear GAPDH expression in HSCs. Moreover, patients with combined high HIF-1α/low nuclear GAPDH expression in HSCs had the worst prognosis. The Cox regression analysis revealed that the combination of nuclear GAPDH/HIF-1α expression in HSCs was an independent prognostic factor for OS and TTR in HCC patients. Conclusions: These findings provide a novel mechanism underlying the involvement of intranuclear GAPDH in hypoxia-induced HSCs apoptosis and a correlation between nuclear GAPDH levels and the clinical prognosis, which may prompt the development of a novel therapeutic strategy for HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most fatal solid tumors worldwide. 1 exposure to hypoxia, HSCs undergo either apoptosis or activation and the balance of this process is vital in the progression of HCC. [2] [3] [4] Activated HSCs, which are characterized by excessive α-smooth muscle actin (α-SMA) expression, 5 in HCC are critical determinants of malignant tumor behavior such as vascular invasion and tumor cell proliferation and migration. 6, 7 In contrast, the apoptosis of
HSCs can suppress tumor cell proliferation and invasion. 8 For example, the selective apoptosis of activated HSCs effectively restores tumor growth and attenuates HCC progression. 9 However, the mechanisms of HSCs apoptosis remain poorly understood. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a pivotal glycolytic enzyme that is commonly expressed in all tissues and plays a critical role in regulating the cellular energy supply. 10 This molecule activates the apoptosis pathway after translocating to the nucleus, leading to cell death under hypoxic conditions. 11 Moreover, deprenyl (selegiline)
is an effective agent that prevents hypoxia-induced GAPDH nuclear translocation and cell death in cancer. 12, 13 In addition, hypoxia is considered a key event underlying HCC progression. However, the function of nuclear GAPDH and the relationship between hypoxia and nuclear GAPDH in HSCs remain unknown. Therefore, we hypothesized that nuclear GAPDH played a role in promoting HSCs apoptosis under hypoxic conditions and affected patient prognosis. In the current study, we investigated whether nuclear GAPDH translocation was induced by hypoxia in HSCs and determined how it was associated with HCC patient outcomes and tumor progression.
Materials and methods

Cell culture and chemical treatment
The LX2 cell line (Merck Millipore, Germany) was obtained from Fudan University, Shanghai, People's Republic of China, and was cultured in normal glucose (5 mM) 1,640 basic medium supplemented with 10% fetal bovine serum and 1% penicillin at 37°C in a humidified incubator with a 5% CO 2 atmosphere. Cells were cultured without serum for 24 h before exposure to hypoxia. The hypoxic environment was created in a hypoxia glove box (Coy) with a calibrated gas containing 0.3% O 2 at 37°C, and the CO 2 concentration was maintained at 5% under both conditions. The cells were maintained in the incubator at 37°C for different durations. When appropriate, cells were preincubated with different concentrations of deprenyl (S3740, Selleck Chemicals, Houston, TX, USA) for 2 hrs prior to exposure to hypoxia, and unexposed cells were used as controls.
Western blot analysis and preparation of nuclear and cytoplasmic fractions
Western blot analyses were performed using previously described methods.
14 Target proteins were detected by incubating the membranes with the following primary antibodies: GAPDH (ab8245; Abcam, USA), α-SMA (ab32575; Abcam, USA), hypoxia-inducible factor-1α (HIF-1α) (A11945; ABclonal, USA), Bcl-2 (catalog no. 2872; CST, USA), Bax (catalog no. 2772; CST, USA), p53 (catalog no. 2524; CST, USA), α-Tubulin (ab4074; Abcam, USA), Histone H3 (BM4855; Boster, China) and β-Actin (ac004; ABclonal, USA). Nuclear and cytoplasmic proteins were extracted using a subcellular fractionation kit (P0027; Beyotime, Shanghai, China) according to the manufacturer's protocol. The results were captured using an automatic fluorescence/chemiluminescence image analysis system (Tanon, Shanghai, China).
Flow cytometry analysis of cellular apoptosis
All apoptosis measurements were performed after cells received the intervention for different times. Briefly, LX2 cells (1×10 6 cells/ml) were collected, centrifuged at 1,000×g for three minutes at room temperature, washed twice with PBS (1×) and resuspended in 100 µl of binding buffer (Annexin V-FITC Staining kit, DOJINDO, Shanghai, China) containing 5 µl of annexin-V-FITC and 5 µl of PI solution according to the manufacturer's instructions. After 20 mins of incubation at room temperature in the dark, 400 µl of fresh binding buffer was added to the mixture. Samples were immediately analyzed.
MTT proliferation assay
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) was added to the 96-well plates, which were placed at 37°C. After incubation for 4 hrs, the medium was discarded and the precipitates (formazan) were dissolved with dimethyl sulfoxide (DMSO, MP, 196,055, Santa Ana, USA). The absorbance was detected at a wavelength of 490 nm. To subtract the background, a blank control was included that contained only culture medium and MTT. 
Immunohistochemical staining and analysis
Paraffin-embedded HCC tissues were sectioned at a thickness of 4 µm and then dewaxed in xylene after heating to 70°C for 70 mins. Rehydration was performed in a gradient of ethanol solutions. A sodium citrate solution was applied for antigen retrieval under high pressure and temperature. Then, the sections were incubated with primary antibody overnight at 4°C. After three washes with PBS, sections were incubated with HRP-labeled goat anti-mouse secondary antibody for 60 mins at room temperature. Finally, the slides were counterstained with hematoxylin. The same dilution of nonimmune rabbit serum was used as the negative control. The immunohistochemistry kit was obtained from MaiXin (KIT-9921, Fujian, China). In addition, the 3ʹ-diaminobenzidine tetrahydrochloride (DAB, 1:1:1, DAB-0031, MaiXin, Fujian, China) reagent was used to develop the staining. Immunostaining results were independently analyzed by two pathologists. Nuclear protein expression was measured by multiplying the stained area by the intensity score in 4 random areas of each section at 400× magnification under a microscope (Axio Observer, ZEISS, Germany). The percentage of positive cells was scored as 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%), and the staining intensity was scored as 0+, 1+, 2+, or 3+. In accordance with the literature, 15, 16 staining scores ≤4 and ≥6 were regarded as low expression and high expression, respectively.
Statistical analysis
The statistical and graphing software programs used in this study were SPSS 20.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA), and each experiment was repeated at least three times. Data are presented as the mean ± standard deviation (SD). The correlation analysis was performed using Spearman's correlation rank test. Overall survival (OS) and time-to-recurrence (TTR) were determined using the Kaplan-Meier survival analysis and the log-rank test. The univariate survival analysis, Cox proportional hazards regression analysis, and correlations between different factors were analyzed using SPSS 20.0 software. p≤0.05 was considered statistically significant in all analyses.
Results
Hypoxia affects the activation of LX2 cells and promotes apoptosis and the nuclear translocation of GAPDH
The effects of exposure to hypoxia for different periods on LX-2 cell apoptosis were investigated using flow cytometry. Hypoxia significantly increased annexin V-FITC/PI incorporation in a dose-dependent manner ( Figure 1A and B). Cells were also analyzed using MTT assays to confirm the increase in apoptosis. Hypoxia exposure (24, 48 and 72 h) decreased cell viability, similar to the findings obtained using flow cytometry ( Figure 1C ). The activation and apoptosis of LX2 cells depended on the degree of hypoxia exposure. Western blot analyses revealed an increasing and then decreasing trend in α-SMA expression along with an increase in HIF-1α levels ( Figure 1D ). Nuclear and cytoplasmic protein extracts were obtained to determine if nuclear GAPDH levels were affected by hypoxia. An increased time of exposure to hypoxia significantly increased the translocation of cytoplasmic GAPDH into the nucleus ( Figure 1E ).
Deprenyl restored hypoxia-induced GAPDH nuclear translocation and apoptosis in LX2 cells
Next, the specific inhibitor deprenyl was applied to further confirm whether nuclear GAPDH contributed to apoptosis under hypoxic conditions. Deprenyl toxicity was detected after exposing LX2 cells to 0.001 to 400 µM deprenyl for 0-5 days. The toxicity of 400 µM deprenyl was negligible in LX2 cells (Figure 2A and B). Deprenyl efficiently inhibited the nuclear translocation of GAPDH but did not alter HIF-1α expression in hypoxia-treated LX2 cells ( Figure 2C ). Cell viability was measured after treatment Note: Data are presented as the mean ± SEM. n.s., not significant, *p<0.05, **p<0.01, and ***p<0.001, n=3. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; α-SMA, α-smooth muscle actin; HIF-1α, hypoxia-inducible factor 1α. with a single concentration of deprenyl (10 µM) and exposure to hypoxia for different periods (24 and 48 h). As shown in Figure 2D , preincubation with deprenyl efficiently prevented the loss of cell viability induced by hypoxia. Meanwhile, annexin V-FITC/PI staining and subsequent flow cytometry analyses showed that the apoptosis of LX2 cells under hypoxia exposure was restored by deprenyl ( Figure 2E and F) . The effect of GAPDH after nuclear blockade was further confirmed by Western blots of apoptosis-related proteins. Deprenyl can reverse hypoxia-induced higher Bax/Bcl-2 ratio. Accordingly, the increase in the level of the p53 protein was also inhibited by the deprenyl treatment ( Figure 2G ).
Nuclear GAPDH and HIF-1α expression in HSCs in the context of HCC
α-SMA levels were first detected to identify the presence of HSCs. Negative and positive controls are shown in Figure 3A and B, respectively. We examined the expression of nuclear GAPDH and HIF-1α, an indicator of hypoxia. Representative images with low and high nuclear GAPDH and HIF-1α expression are shown ( Figure 3C -J). Low and high nuclear GAPDH levels were observed in 62% (85/137) and 38% (52/ 137) of HCC samples, respectively. Low and high HIF-1α expression was observed in 51.1% (70/137) and 48.9% (67/137) of all cases, respectively.
The correlation between clinicopathological features and nuclear GAPDH and hif-1α expression in hscs
We further explored the correlations between clinicopathological features and the IHC results for nuclear GAPDH and HIF-1α in the cohort of 137 HCC patients (Table 1) . Nuclear GAPDH expression was negatively correlated with the TNM stage (p=0.026) and vascular invasion (p=0.007). Meanwhile, HIF-1α expression was positively correlated with the TNM stage (p=0.002), tumor size (p<0.001) and vascular invasion (p<0.001). Furthermore, Spearman's correlation analysis revealed a significant positive correlation between nuclear GAPDH expression and HIF-1α expression (rs=0.326, p<0.001, Table 2 ).
Association of nuclear GAPDH and HIF-1α levels in HSCs with the clinical outcomes in HCC patients
The Kaplan-Meier analysis and log-rank test were used to examine the relationship between nuclear GAPDH and HIF-1α levels in HSCs and the clinical outcomes of patients with HCC. The mean OS and TTR were 768 days and 629 days in HCC patients with low nuclear GAPDH expression and 1,140 days (p=0.012; Figure 4A ) and 982 days (p=0.001; Figure 4B ) in those with high levels of nuclear GAPDH. For HIF-1α, the mean OS and TTR were 1,040 days and 920 days in HCC patients with low expression and 776 days (p<0.001, Figure 4C ) and 604 days (p<0.001, Figure 4D ) in those with high expression. We next divided the 137 HCC patients into 3 subgroups according to nuclear GAPDH and HIF-1α expression in HSCs. Then, we performed Kaplan-Meier survival analysis to examine correlations with clinical outcomes in the various subgroups. As shown in Figure 4E and F, HCC patients with low nuclear GAPDH/high HIF-1α expression (group 1) exhibited the shortest OS (mean, 654 days) and TTR (mean, 507 days). In contrast, patients with high nuclear GAPDH/ low HIF-1α expression (group 3) displayed the longest OS (mean, 1,284 days) and TTR (mean, 1,162 days). Moreover, patients with low or high levels of both nuclear GAPDH and HIF-1α expression (group 2) displayed intermediate OS (mean, 923 days) and TTR (mean, 769 days).
Association of nuclear GAPDH and HIF-1α expression with patient survival
Univariate analysis indicated that tumor size, vascular invasion, TNM stage, alpha-fetoprotein (AFP), nuclear GAPDH, HIF-1α, and the combined nuclear GAPDH/HIF-1α levels were significantly correlated with OS and TTR (p-values for OS: <0.001, 0.017, 0.014, 0.010, 0.012, <0.001, and <0.001, respectively; p-values for TTR: 0.046, <0.001, <0.001, 0.039, 0.001, <0.001, and <0.001, respectively) ( Table 3) . Cox multivariate proportional hazard regression analysis was performed by incorporating the significant factors in the univariate analysis. Briefly, the nuclear GAPDH/HIF-1α combination as well as AFP were independent prognostic factors for OS. Moreover, TNM stage, AFP and the nuclear GAPDH/HIF-1α combination were independent prognostic factors for TTR (Table 3) .
Discussion
In the present study, we reported that GAPDH accumulated in the nucleus and induced apoptosis in HSCs under hypoxic conditions. Furthermore, nuclear GAPDH expression was correlated with tissue hypoxia in postsurgical samples. Nuclear GAPDH, HIF-1α and the nuclear GAPDH/HIF-1α combination are independent prognostic factors for the clinical outcomes of patients with HCC.
A hypoxic microenvironment is a typical feature of HCC, 17 and exposure to hypoxia can either induce apoptosis or promote HSC activation. 4, 5 The balance of HSC activation and apoptosis is a controversial topic in the field of cirrhosis and HCC development, particularly in the context of hypoxia.- 18 The mechanisms underlying both processes remain poorly understood. HSCs are activated by exposure to certain levels of hypoxia. When hypoxia becomes more intense, oxidative stress becomes so severe that it induces cellular apoptosis, as has been shown in many cancer cell lines in previous studies and the present study.
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GAPDH has been reported to actively participate in apoptosis-related processes in the nucleus, and this function is independent of its enzymatic activity in the process of glycolysis in the cytoplasm. 20 Several studies have revealed a role for GAPDH nuclear translocation in cell death in ovarian cancer, pancreatic cancer and neuroblastoma. [21] [22] [23] Consistent with previous studies, nuclear GAPDH plays a significant role in HSC apoptosis in the present study. The upregulation of nuclear GAPDH in HSCs was also correlated with a better prognosis of patients with HCC. Data from the present study suggest that this correlation is probably due to the nuclear translocation of GAPDH in HSCs, which causes apoptosis and thus serves as a protective factor against tumor growth and metabolism. In contrast, low levels of nuclear GAPDH in HSCs were correlated with poor prognosis. Similarly, activated HSCs were shown to inhibit tumor cell death, induce blood vessel formation, enhance immune cell apoptosis, and promote tumor growth in previous studies. 3, 24, 25 The apoptosis of HSCs has been reported to reduce the secretion of biological factors, including TGF-β1 and PDGF-BB, which protect cancer cells from cell death via the cAMP/PKA/SMO pathway by activating GLI2. 4, 26 In addition, TGF-β1 promotes HCC invasion and metastasis through the ERK pathway by upregulating FGFR4. 27 These mechanisms may contribute to repressing HCC progression. However, these previous studies specifically focused on the effects of apoptotic HSCs on tumor cell lines, and the potential relationship between apoptotic HSCs and the clinicopathological features of HCC patients has not been explored. Our study confirmed that nuclear GAPDH induces HSC apoptosis, particularly under hypoxic conditions, and nuclear GAPDH levels correlate closely with patient outcomes and may be a valuable predictor of prognosis.
The results from the present study suggest a strong correlation between nuclear GAPDH and HIF-1α. Previous studies have shown that GAPDH, a key glycolytic enzyme, contains a hypoxia responsive element (HRE) in its promoter which has been identified as a target of HIF-1α. Therefore, HIF-1α can modulate the expression of GAPDH through HRE. 28, 29 In turn, GAPDH promotes expression of HIF-1α by binding to TRAF2 and enhancing NF-κB activity. There is a positive feedback loop between HIF-1α and GAPDH. 30, 31 However, these studies did not focus on GAPDH in the nucleus, and the interaction between nuclear GAPDH and HIF-1α remained largely unknown. In our future research, we will study these issues in more depth. In summary, our data suggest for the first time that nuclear GAPDH plays a pivotal role in promoting HSCs apoptosis under hypoxic conditions. These findings were further confirmed in vivo using postsurgical HCC samples. Therefore, nuclear GAPDH in activated HSCs is a protective factor against HCC growth and should be considered in future therapeutic strategies for patients with HCC. Fundamental Research Funds for the Central Universities (Sun Yat-sen University, Grant No. 17ykpy60), and the open project of the Key Laboratory of Tropical Disease Control (Sun Yat-sen University), the Ministry of Education (Grant No. 2018kfkt04). In addition, Yihang Gong particularly wishes to thank Danyang Pan, whose company provided him with powerful spiritual support over the past two years.
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